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The pathogenesis of drug-induced renal cystic disease. Oral
administration of 2-amino-4,5-diphenyl thiazole HCI to rats
over a period of 11 weeks produced marked, diffuse, progressive
renal cystic disease without significant tubular obstruction or
interstitial fibrosis. Light and electron microscopic and micro-
dissection studies demonstrated that cystic changes began in
collecting ducts in the medulla and extended to cortical collec-
ting and distal tubules and loops of Henle. Micropuncture
studies on pair-fed control animals treated with the drug for five
weeks and on pair-fed controls revealed that glomerular function
was unaltered and that intratubular pressure and reabsorption of
solute and water along proximal convoluted and distal tubules
were normal in cystic kidneys. These data indicate that nephrons
with cystic change are capable of normal function. In the absence
of tubular obstruction, it is proposed that cystic disease was due
to a drug-induced structural defect of the tubular basement
membrane which in the presence of a normal transtubular
pressure gradient results in progressive tubular dilatation.
Pathogénie de Ia maladie rénale kystique induite par une drogue.
L'administration orale de 2-amino-4,5-diphényl thiazole HC1 a
des rats pendant une période de 11 semaines produit une maladie
kystique intense, diffuse et progressive sans obstruction tubu-
laire ou fibrose interstitielle significatives. La microscopie
optique et électronique et Ia microdissection montrent que les
modifications kystiques atteignent d'abord les canaux collec-
teurs dans Ia médullaire et s'étendent ensuite aux canaux collec-
teurs corticaux, aux tubes distaux et aux anses de Henle. L'étude
par microponctions d'animaux traités pendant cinq sernaines et
de contrôles nourris de Ia méme facon montre que Ia fonction
glomérulaire n'est pas altérée, que Ia pression intratubulaire et Ia
reabsorption d'eau et de substances dissoutes le long des tubes
contournés proximaux et des tubes distaux sont normales dans
les reins kystiques. Les observations indiquent que les néphrons
atteints de modifications kystiques sont susceptibles d'un
fonction normale. En l'absence d'obstruction tubulaire il est
propose que Ia maladie kystique soit due a un défaut structural
induit par Ia drogue, de Ia membrane basale tubulaire qui, en
presence d'un gradient de pression transtubulaire normal, a
pour consequence une dilatation tubulaire progressive.
The cause of renal polycystic disease in man has
been attributed to tubular obstruction, developmental
defects and neoplastic or hamartomatous change [1];
however, to date, the etiology remains unknown. It
has been shown that cysts in adult type polycystic
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kidneys are not closed sacs, but are localized disten-
tions of intact nephrons or collecting ducts [2].
Functional studies support this observation. Lambert
[2] and Bricker and Patton [3] have shown that inulin
or para-aminohippurate administered systemically
appears in cyst fluid and that cystic tubules maintain
inulin, creatinine and urea gradients, evidence that
they participate in urine formation. Gardner [4]
determined the chemical composition of cyst fluid and
found that the cysts were functioning either as proxi-
mal or distal segments of the nephron. Morphologic
studies of medullary cystic disease have shown that the
cysts, which involve collecting ducts, are part of
structurally intact tubules [5].
Microdissection studies of polycystic disease in-
duced by diphenylamine in rats [6, 7], cortisone in
rabbits [8] and 9-fluoroprednisolone in newborn
hamsters [9] reveal that cysts are localized distentions
within unobstructed tubules. Contrariwise, Perey,
Herdman and Good [101 found that neonatal rabbits
treated with 9-fluoroprednisolone develop blind cysts
involving cortical collecting ducts.
No direct functional studies have been done in
experimental renal cystic disease to elucidate its
pathogenesis. In this investigation, a micropuncture
study was done in rats with marked, diffuse cystic
disease induced by the oral ingestion of 2-amino-
4,5-diphenyl thiazole HCI for five weeks. The cystic
changes developed in the absence of tubular obstruc-
tion, involved primarily collecting and distal tubules,
and presented as segmental dilatations within function-
ing nephrons. Micropuncture studies revealed that
glomerular and tubular function were normal, and
that intratubular pressure was not elevated in nephrons
with cystic change. These findings suggest that in this
model of polycystic disease the basic lesion is a defect
in the elastic properties of the tubular basement mem-
brane and that the normal transtubular pressure
gradient produces progressive tubular dilatation.
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Methods
Male Sprague-Dawley rats (specific pathogen-free
Charles River) weighing 125 to 150 g were used. Drug-
treated animals were fed a diet of I .06% 2-amino-4,
5-diphenyl thiazole HC1 (DPT) (Baxter Laboratories,
Morton Grove, Illinois) in powdered Rockland meal
or as a pelletized mixture, and controls were fed
powdered Rockland meal.
Morphological and functioning studies. The effects of
drug treatment for periods of 1 to 11 weeks were
studied (Table 1). Prior to death animals were placed
in individual metabolism cages and urine was collected
under oil for two 24-hr intervals. Maximum urine
osmolality was determined with an osmometer
(Fiske, model G-62) after 16 hr of dehydration. The
animals were anesthetized with mactin i.p. (100 mg/
kg) and the kidneys were fixed by arterial perfusion for
two to three minutes with 1 or 3% glutaraldehyde in
modified Tyrode's buffer [11] which was brought to
440 mOsm with sodium chloride and 2% dextran
(mol wt, 77,500). The left kidney was removed and
sections were taken from the cortex, outer medulla,
inner medulla and papilla. The sections were fixed for
an additional two to three hours in the perfusate,
rinsed in sucrose-phosphate buffer, postosmicated for
one hour, dehydrated and embedded in epoxy resin
(Epon 812) [12]. Sections for phase and electron
microscopy were cut on microtomes (Porter-Blum,
Sorval and LKB) with glass and diamond knives.
Sections for phase microscopy were stained with
toluidine blue [13]. Sections for electron microscopy
were stained with uranyl acetate [14] and lead citrate
[15] and were examined on an electron microscope
(Philips EM 200). Additional tissue was processed for
light microscopy, and stained with hematoxylin-
eosin, periodic acid-Schiff reagent and Heidenhain
connective tissue stains. For microdissection studies,
kidneys were harvested from five animals weekly after
three to nine weeks of drug treatment. The kidneys
were fixed in formaldehyde solution and micro-
dissected according to the method of Oliver, McDowell
and Tracy [16].
Micropuncture studies. Six animals treated with drug
for five weeks and six pair-fed controls were fasted
overnight and anesthetized by an i.p. injection of mac-
tin (150 mg/kg of body wt). The animals were placed
on a thermostatically controlled heated table and the
trachea and right externaijugular vein were cannulated.
A 62.5-mg/mi solution of inulin (mutest) in normal
saline solution was infused at a constant rate of 2.33
mi/hr. The left kidney was exposed by a flank incision,
freed from the perirenal fat, placed ventral side up in a
stabilized plastic (Lucite) cup and covered with
warmed mineral oil. Temperatures were monitored
perirenally and rectally continuously by thermistors
and maintained at 37 to 38°C. The left ureter was
cannulated, and urine was collected under oil. After a
one-hour equilibration period, serial clearances were
obtained at approximately one-half hour intervals.
Blood samples were obtained from the tail vein.
Intratubular pressure was determined by the method
of Gottschalk and Mylle [17] using 6 to 8 t (OD)
micropipettes filled with 7% lissamine green. After
determining the intratubular pressure of a proximal
tubule, a small bolus of dye was injected into the
tubule and a loop transit time was determined (late
proximal convolution to early distal tubule). A tubular
fluid sample was collected first in the distal tubule,
when possible, then in the late proximal convolution
of the same nephron using micropipettes with tips of
6 to 8 t (OD) during spontaneous flow after occluding
the tubules distally with mineral oil. Tubular fluid was
collected for three minutes or longer during which
proximal intratubular pressure was monitored and







V U0V Maximum U0,
m/J100 g/24 hr mOsmilOG g124 hr mOsm/kg
0(Control) 4 178±8 6.1±0.45 14.3± 1.7 2726± 118
1 5 103±20 18.3±5.0 15.3±1.4 1168±97'
3 5 109±12 22.2±l.l' 16.3±1.2 1320±63°
5 5 104±17 15.3±1.3° 12.5±0.76 IO96±84b
7 3 150±41 13.5± 1.2° 12.4±0.47 1195±135°
9 4 165±19 15.0±2.5 15.7±4.0 1426±99°
11 5 170±22 14.8±2.9 11.1±1.6 1177±94°
° Values are means SEM. V. excretion; UosmV, total solute excretion.
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maintained at normal levels. Transit time of proximal
convolutions was determined by the injection of a
0.05 ml bolus of 7% lissamine green intravenously, and
the transit time was the time between diffuse coloration
of the kidney and appearance of the dye in the tip of the
collection micropipette. Outer tubular diameter was
determined with an eye micrometer. Single nephron
glomerular filtration rate was calculated from the
rate of fluid collection and the tubular fluid to plasma
inulin concentration ratio (TF/P inulin). Inulin was
determined by the micro-anthrone method [18].
Inulin clearance values were corrected for plasma
water (94%). Osmolality of tubular fluid and serum
was determined with a cryostat (Clifton). After micro-
puncture the tubules were filled with neoprene and the
kidney was fixed in formaldehyde solution and then
macerated in concentrated hydrochloric acid. The
micropuncture site was determined by microdissec-
Fig. 1. Progressive renal enlargement due to diffuse cystic changes after 0 (A), 3 (B), 5 (C) and 11(D) weeks of drug treatment. Cystic
tubules are first seen in the medulla, later extend to the cortex and spare the papilla. Kidneys are enlarged two- to three-fold after
five weeks of drug treatment and are essentially free of obstructing tubular casts or interstitial fibrosis (x 6).
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tion and expressed as a fraction of the total tubular
length.
Results
Functional findings. Chronic drug ingestion in rats
caused a two- to three-fold increase in urine output
and a marked impairment in maximum urine concen-
tration for up to 11 weeks (Table 1). The diuresis was
not accompanied by any change in total solute excre-
tion (UomV) (Table 1). Body weight dropped markedly
during the first week of drug ingestion and gradually
returned to initial values by week 11.
Morphologic findings. Drug treatment over a period
of 11 weeks caused progressive enlargement of the
kidneys due to diffuse cystic changes which initially
involved the medulla and later extended to the inner
and outer cortex, but not to the papilla (Figs. 1 and 2).
During the first week of drug treatment, tubules in the
medulla, often recognizable as collecting tubules,
showed focal epithelial degeneration, necrosis and
regeneration. Electron microscopy revealed that at an
early stage (one to three weeks), dilated collecting
tubules often were lined by essentially unaltered cells
(Fig. 3). At a later stage (3 to 11 weeks), as the tubules
enlarged into cysts, the lining cells were flat, and
not identifiable as collecting duct epithelium (Fig. 4).
These cells had sparce numbers of cytoplasmic
organelles, especially mitochondria, and lateral and
basal membrane infoldings were simple (Fig. 4). By
light and electron microscopy, tubular basement
membranes appeared normal, regardless of the degree
of cystic changes (Figs. 3 and 4). Intratubular casts or
interstitial fibrosis were inconspicuous in kidneys with
cystic changes (Fig. 2).
Renal microdissection revealed that the earliest and
most prominent cystic changes involved collecting
tubules in the outer medulla (Fig. 5). The lesions were
diffuse, and essentially all collecting tubules in the
outer medulla were involved in animals treated with
drugs for five weeks or more (Figs. 5 and 6). The cystic
changes evidently extended in a retrograde manner to
involve cortical collecting tubules, distal tubules and
loops of Henle (Figs. 6 and 7). Tn these sites the changes
were less severe and less frequent than in the medullary
collecting tubules. Proximal tubules or papillary
collecting ducts were not involved. The cystic tubular
dilatations were both saccular and fusiform in type
(Fig. 5) and did not occur as closed sacs but were
interposed in intact, patent tubules (Figs. 5 through 7).
Fig. 2. Diffuse cystic disease induced by
five weeks of drug treatment. The most
prominent changes are in the outer
medulla but cystic tubules are present in
the inner and outer cortex. The O.D. of
many cystic tubules is more than 20
times normal. A rare cyst contains cast
material (arrow) and interstitial fibrosis
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Fig. 3. Electron micrograph of a dilated collecting tubule from an animal treated with drug for three weeks. The cells and the tubular
basement membrane appear normal (x 1700).
in cystic areas, the pattern and spacing of tubular cell
nuclei appeared normal (Figs. 5 and 6) suggesting that
the number of cells per unit area was the same as in
control or noncystic tubular segments.
Micropuncture findings. Although mean body
weight was unchanged, kidney weight was increased
greater than two-fold in animals treated with drugs for
five weeks compared to pair-fed controls (Table 2).
Total kidney GFR in these enlarged kidneys, however,
did not differ from control values (Table 2). The O.D.
of proximal tubules was significantly increased in
drug-treated animals, while intratubular pressure,
single nephron GFR, end-proximal TF/P inulin
concentration ratios, transit times and osmolality of
proximal tubular fluid were not significantly different
from control values (Table 3). These data indicate that
glomerular function and the absorption of sodium and
water by proximal tubules were essentially unchanged
in treated animals. Mean loop transit time (end
proximal convolution to early distal) was significantly
elevated in drug-treated animals from a control value
of 24.2 to 56.2 seconds (Table 3). This could be
secondary to the greater length and diameter of these
tubular segments due to enlargement of the kidneys and
the diffuse cystic changes.
In drug-treated animals mean O.D. of distal tubules
was more than three times the control value; however,
there was no difference in intratubular pressure (Table
3). TF/P inulin ratios were significantly higher along
the distal tubule, but the slopes by linear regression
analysis of drug-treated and control data were not
significantly different (Fig. 8). Distal tubular fluid
osmolalities in control and drug-treated animals
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Fig. 4. Electron inicrograph of a cystic tubule. The epithelium is flattened; the nucleus is large with prominent nucleoli, cytoplasmic
organelles are few in number, lateral and basal plasma membrane infoldings are simplified and the basement membrane appears
normal (x 6100).
Fig. 5. Microdissected specimen from an
animal treated with drug Jr Jhe weeks.
Fusiform and saccular cystic changes
are apparent in the outer medullary
(OM) and cortical (C) segments of a
collecting tubule, which has a normal
caliber distally. Three distal tubules (D)
join the collecting tubule. The pattern
and spacing of cells in the cystic regions
appear normal (x 30).
Fig. 6. Microdissected specimen from an
animal treated with drug for nine weeks.
Jrregular cystic changes involve the
medullary (M) and cortical (C) segments
of the collecting tubule and the terminal
segments of the distal tubules (D). Cells
in the cystic regions appear essentially
normal (x 30).
Pathogenesis of renal cystic disease 417
both became isosmolal with plasma in the late distal
tubule (Fig. 9). These data indicate that in cystic
kidneys 1) more water and solute are reabsorbed be-
tween the late proximal convoluted and the early
distal tubules, 2) the distal tubule is normally perme-
able to water and 3) the amount of water and solute
Fig. 7. Microdissected specimen from an
a,,imal treated with drug for five weeks.
Cystic change involves the thick ascend-
ing limb (AL) and distal tubule (D) of a
nephron. G, glomerulus; P, proximal
tubule; DL, descending limb (x 30).
delivered to the cortical collecting tubules is signifi-
cantly reduced compared to control animals.
Less than 5% of proximal tubules in drug-treated
animals had significantly greater diameters (mean
O.D., 50 t) than other proximal tubules, and an
increased initial intratubular pressure, averaging 23.2
/
p
418 Carone et al
Fig. 8. Tubular fluid to plasma iOu/in concentration ratios plotted as
a function of distal tubular length. TF/P inulin ratios in drug-
treated animals are significantly higher along the distal tubular
length, but the slopes of the regression lines do not differ signifi-
cantly.
observations in several types of human [2, 5] and
experimental cystic disease [6—9]. Although the sur-
face area in cystic tubules was increased many fold,
the pattern and spacing of epithelial cells appeared
essentially normal, suggesting that cell proliferation
accompanied tubular enlargement. Light and electon





















Control 34.6 16.1 1.63 19.2 315 11.0 24.2
SEM
(N) (13) (20) (20) (20) (20) (9) (16)
Drug-treated 431b 16.0 1.53 24.4 315 12.5 56.2b
SEM 0.30 0.07 1.1
(N) (23) (28) (28) (28) (27) (5) (28)
Distal Tubule
Control 27.7 8.8 17.4
SEM
(N) (8) (13) (13)
Drug-treated 883b 9.7 24.9
SEM
(N) (23) (9) (22)
a Values are means±sEM. TF/P inulin, tubular fluid to plasma inulin ratio.
Significant values (P= <0.01).
Table 2. Effect of five weeks of treatment with DPT on kidney
weight and glomerular filtration rate (GFR) in rats S—-. Drug-treated
0—0 Control
N Animal Kidney Kidney
wt wt GFR
g g/100 g of rn//mm/kg
body wt
Control 5 231 0.482 3.16
SEM
Drug-treated 14 226 1.06 2.80
SEM
P >0.5 <0.001 >0.2





















mm Hg, which promptly dropped to a mean value of
16.2 mm Hg when fluid was collected spontaneously
by a second micropipette. Single nephron GFR and
tubular fluid osmolalityinthese tubules were unaltered.
The findings suggest that these tubules were totally or
partially obstructed at some point beyond the proximal
convolution.
Discussion
Oral administration of DPT to rats induced marked,
diffuse, progressive renal cystic disease in the absence
of any significant tubular obstruction or interstitial
fibrosis. Cystic changes were most severe in collecting
ducts in the outer medulla but also involved distal
tubules and loops of Henle. Cystic lesions were not
closed sacs but occurred as segmental tubular disten-
tions within functioning nephrons, a finding similar to
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Fig. 9. Tubular fluid osmolalities plotted as a function of distal
tabular length. Tubular fluid in drug-treated and control animals
is equally hypotonic in the early distal tubule and becomes
isosmolal with plasma in the late distal tubule.
microscopy did not reveal any significant morphologi-
cal alterations in the glomeruli, tubular epithelial
cells and basement membranes or interstitium of
cystic kidneys.
Renal function was essentially normal in DPT-
treated animals except for a concentrating defect. In
cystic kidneys, micropuncture studies revealed that
total kidney GFR and single nephron GFR were
unchanged.
Osmolality and TF/P inulin ratios of fluid from
proximal convolutions indicate that sodium and water
reabsorption were unaltered along this tubule.'
Transit time of tubular fluid from the late proximal
to the early distal convolution was markedly delayed
and is best explained by a greater tubular volume, due
to increased tubular diameter and length, secondary to
cystic change and renal enlargement. Fluid from early
distal tubules was normally hypotonic but had signifi-
cantly higher TF/P inulin ratios than control values,
indicating that active absorption of NaCI in the
ascending limb was not impaired and that more water
and solute were reabsorbed between the proximal
convoluted and distal tubules, possibly due to the
increased fluid contact time.
In cystic kidneys, distal tubular fluid became isos-
molal with plasma, similar to control values, indicating
that the distal tubule was normally responsive to
antidiuretic hormone (AD H) and permeable to water.
TF/P inulin ratios were significantly higher along the
distal tubule but slopes determined by linear regression
analysis of data from cystic and control kidneys were
not significantly different. In view of the higher
TF/P inulin ratios of late distal tubular fluid, water
and solute delivery to cortical collecting ducts was
diminished. Taken together, the micropuncture studies
indicate that nephrons with cystic changes are capable
of normal function in terms of water and solute re-
absorption.
These studies were done in kidneys with cystic
disease of relatively short duration and essentially
uncomplicated by fibrosis, obstruction or other
secondary changes. Evidence in human [19] and
experimental cystic disease [6, 20] indicates that renal
function diminishes as the disease progresses. This
could be due to progressive distortion and destruction
of functioning tubules as the cystic tubules continue
to enlarge.
There was little evidence that cystic changes were
secondary to tubular obstruction. Tubular casts were
rare, interstitial fibrosis was absent and extrinsic
tubular obstruction was not seen. Rarely, the intra-
tubular pressure of a dilated proximal tubule was
elevated suggesting that intermittent tubular obstruc-
tion may have played a role in the development of
cystic disease, a possibility that cannot be ruled out
entirely. However, cystic changes involved all collecting
ducts as determined by microdissection, and in view
of the normal renal function, were not likely due to
tubular obstruction. Finally, direct evidence for
tubular obstruction in nephrons with cystic change
was generally lacking because intratubular pressure, as
determined by micropuncture, was normal in most
proximal and distal tubules.
Cystic changes in this experimental model may be
explained by a drug-induced defect in elasticity of
tubular basement membranes. Recent studies on isola-
ted, perfused renal tubules [21] reveal that the cells are
highly deformable and that the tubular basement
membrane is a relatively strong, elastic structure
which is principally responsible for limiting disten-
sibility of the renal tubule. Determination of Young's
modulus of isolated tubular basement membranes
gave a value close to that of pure collagen [211 and
chemical analysis of tubular basement membrane
reveals that a major component closely resembles
collagen [22]. There is a hydrostatic pressure gradient
across normal tubular basement membranes which
probably exceeds 5 mm Hg [23]. Much of the intra-
In this study TFJP inulin ratios of tubular fluid from late
proximal convolutions were lower than values in the literature.
In normal rats, during similar micropuncture conditions, we
obtained a mean TF/P inulin ratio of 2.01 (N=18)
for samples from the late proximal convoluted tubule. DPT-
treated and pair-fed control rats either failed to gain weight or
lost up to l0% of their body weight during the five-week experi-
mental period. Chronic malnutrition may account for the low
TF/P inulin ratios of proximal tubular fluid in these animals on
the basis of tubular atrophy, diminished cellular energy levels
for sodium transport, decreased cellular Na-K-ATPase activity
or decreased peritubular capillary osmotic pressure secondary to
hypoproteinemia.
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tubular pressure is expended against the elasticity of
the basement membrane in order to maintain normal
tubular distention and conformation. On the other
hand, if the basement membrane of isolated tubules is
weakened by collagenase treatment, the tubule will
dilate and even rupture when subjected to micro-
perfusion [24]. in this study, it is postulated that DPT
may have altered the molecular structure of the
collagen-like component of tubular basement mem-
branes either by affecting synthesis or degradation or
by disrupting cross-linking disulfide bonds and that
this alteration led to loss of elasticity and structural
strength. The normal transtubular pressure gradient
could then produce progressive tubular distention and
cystic change. in this hypothesis, the primary cause of
tubular cystic changes is a defect in the elastic charac-
teristics of the tubular basement membranes. This
mechanism may account for some forms of human
cystic disease, in which the basement membrane defect
could be a primary inborn error of metabolism or it
could be secondary to the action of a chemical sub-
stance elaborated elsewhere. Whether this mechanism
is operative in other forms of experimental cystic
disease remains to be determined.
Rats treated with DPT, in this study, or with
diphenylamine [6] develop a concentrating defect that
precedes the appearance of cystic changes, so the two
processes are dissociated temporally. We have in-
vestigated the nature of the concentrating defect in
rats treated acutely with DPT and found that the drug
1) induced a renal concentrating defect which was
accounted for by decreased permeability of the
collecting tubules (unpublished data) and 2) greatly
reduced the response of adenylate cyclase to ADH in
the renal medulla [25]. Since it is known that adeno-
sine 3',5' cyclic monophosphate (cAMP), elaborated by
the catalytic action of adenylate cyclase, can increase
water permeability of the collecting tubule [26], these
findings suggest that the concentrating defect may be
due to diminished formation of cAMP. A similar
mechanism may account for the drug-induced con-
centrating defect shown in this study, especially in
view of the micropuncture finding of decreased deli-
very of solute and fluid to cortical collecting tubules.
However, an additional factor could be partial dis-
ruption of the medullary osmotic gradient secondary
to cystic disease.
Taken together, these findings suggest that DPT has
separate effects on the renal tubule: one involves cells
of the collecting ducts and consists of diminished
adenylate cyclase activity with a resultant concen-
trating defect; the other involves tubular basement
membranes which become weakened and develop
cystic changes.
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